Potential energy hypersurfaces ͑PES͒ have been constructed for the ground electronic state of H 2 S utilizing results from state-of-the-art ab initio quantum chemical methods, most notably higher-order coupled cluster theory employing ͑core-polarized͒ correlation-consistent basis sets. Small corrections due to extrapolation to the complete basis set and full configuration interaction limits, core correlation, and relativistic corrections, as well as effects beyond the BornOppenheimer approximation have been investigated and incorporated into the final PES. Using the exact rovibrational kinetic energy operator rovibrational energy levels have been computed with the different PESs. S with maximum deviations, gradually increasing for increased vibrational excitation, of 29͑14 300͒, 10͑3800͒, 7͑4600͒, and 12͑6400͒ cm Ϫ1 , respectively, where the maximum energy above the zero-point energy is given in parentheses. The errors are considerably larger for the bending states than for the stretching states. Reproduction of rotational term values, given explicitly for Jϭ17 of the vibrational ground state, shows remarkable agreement between experiment and the purely ab initio approach of this study.
I. INTRODUCTION
The ground-state potential energy ͑hyper͒surface ͑PES͒ of water has traditionally been a testing ground for the myriad theoretical approaches for computing ͑ro͒vibrational eigenstates, resulting in a large number of papers on local ͑anharmonic force field͒, semiglobal, and global surfaces. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The most recent studies, based increasingly on state-of-theart ab initio approaches, 1, 3, 6, 8, 11, 13 resulted in PESs of unusually high accuracy. To achieve the desired accuracy, small physical effects, readily neglected during most ab initio constructions of PESs, such as relativistic phenomena 3, [10] [11] [12] and non-Born-Oppenheimer effects 1 had to be considered, since they produce changes on the order of a few cm Ϫ1 for the rovibrational eigenstates. This change is within the intrinsic accuracy of the best traditional ab initio PESs, 14 which can predict rovibrational eigenstates with an average error on the order of 0.1%. Nevertheless, spectroscopic accuracy for the rovibrational eigenstates is approached only with corrected/ fitted semitheoretical 14 surfaces, which can reproduce experimental rovibrational eigenstates with an average error on the order of 0.1 cm Ϫ1 . It has also been learned during these high-quality first-principles spectroscopic studies that while fitted surfaces interpolate excellently, their extrapolation characteristics are usually worse than those of the best purely ab initio surfaces. This means that it appears to be worth pushing ab initio methodologies to technical limits. As an application of highly accurate PESs we note that the best semitheoretical surfaces have been employed to generate rovibrational line lists 6, 15, 16 up to 700 million entries for water, which has been used to model spectra of cool stars. 15, 16 The ground electronic state PES of hydrogen sulfide, H 2 S, the congener of H 2 O, also received considerable attention, especially during the 1990s. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] This interest is due to drastically increased spectroscopic capabilities for detecting higher-lying stretching, bending, and rotational states of H 2 S and of its isotopomers, 23, 32 to subsequent questions of normal mode versus local mode character of vibrational overtones, 24 to publicity over the fourfold clustering effects of high-J rotational lines, 19 to anomalies in the intensities of certain vibrational band origins ͑VBOs͒ of H 2 S, 27, 33, 34 to the important role the H 2 S molecule plays in the physics and chemistry of the interstellar medium and the atmospheres of planets and cool stars, 16 and last but not least to the role H 2 S plays as a fertile testing ground for PES constructions advanced for water. 6, 11, 13, 17 The available semiglobal analytical representations of the ground-state PES of H 2 S contain some extrapolation into regions of no or limited experimental data, such as the region around linearity. Sizable differences, ranging from 18 792 cm Ϫ1 ͑Ref. 17͒ to 22 821 cm Ϫ1 ͑Ref. 18͒, between reported literature values calculated from empirical and ͑semi͒theoretical PESs can be observed for the barrier to linearity. It is also notable that none of the available PESs, except the most recent one, 27 give a substantially shorter r(S-H) at linearity than at equilibrium, which is in contrast to expectation and results of sophisticated ab initio calculations. 25 Furthermore, as Fig. 1 of Ref. 25 demonstrates, farther away from equilibrium the different PES representations behave rather differently and the otherwise higha͒ Author to whom correspondence should be addressed. Electronic mail: csaszar@para.chem.elte.hu quality hypersurfaces due to Polyansky, Jensen, and Tennyson 17 ͑henceforth PJT͒ and Senekowitsch, Carter, Zilch, Werner, Handy, and Rosmus 21 ͑henceforth SCZWHR͒ show unphysical behavior at large S-H bond lengths and small HSH bond angles. These problems with the available PES representations also call for a re-examination of the ground-state PES of H 2 S.
The computed ab initio PESs determined in this study are judged through comparison of first-principles rovibrational eigenstates with their experimental counterparts. For this, representation of the ground-state PES of H 2 S needs to be reliable only at relatively low energies ͑up to about 20 000 cm Ϫ1 above the minimum, which is still below the barrier to linearity, 25 24 420 cm Ϫ1 ͒. This and the character of the ground electronic state of H 2 S mean that sophisticated and efficient single-reference techniques are suitable for the electronic structure computations. We decided to use the coupled cluster with singles, doubles, and corrected triples ͓CCSD͑T͔͒ approach 35 as our computational workhorse, which has proved to be reliable at predicting equilibrium properties and lower regions of PESs for a wide range of molecules. 36 This choice allows the use of extended basis sets during the calculations. Therefore, we investigated the performance of the correlation-consistent ͑cc͒ family of basis sets 37 for the prediction of PESs judged through the quality of the rovibrational levels predicted by them. Use of the cc basis sets allows efficient extrapolation to the complete basis set ͑CBS͒ limit [38] [39] [40] [41] [42] [43] and thus testing of the CBS CCSD͑T͒ PES. Extrapolation of CCSD͑T͒ correlation energies to the full configuration interaction ͑FCI͒ limit is attempted through the scaled higher-order correlation ͑SHOC͒ approach, 44 resulting in a valence-only CBS FCI PES, an important result of this study. A further important goal is to investigate the effect of small energy correction terms, namely the relativistic and the Born-Oppenheimer diagonal correction ͑BODC͒ on the shape of the ground-state PES of H 2 S and on the accuracy of the resulting rovibrational eigenstates. Overall, this study is aimed to investigate how accurate an a priori ͑first-principles͒ approach ͑i.e., combined use of pure and converged electronic structure theory for the computation of the PES and an ''exact'' variational approach for prediction of rovibrational states͒ can be. Establishing a PES of spectroscopic quality for the ground electronic state of H 2 S is also kept in mind in this work, though empirical refinement of the ab initio PES of H 2 S is not attempted here.
II. COMPUTATIONAL DETAILS

A. Ab initio methods
The electronic structure computations reported in this paper have been performed with the DIRCCR12-95, 45, 46 ACES II, 47 PSI, 48 BERTHA, 49, 50 and DALTON 51 program systems.
As mentioned in the Introduction, neglect of high-energy points of the PES during this study has a particular advantage for the ab initio calculations: it allows the use of efficient and robust single-reference techniques. In this study most electronic structure calculations utilized the coupled cluster ͑CC͒ method including all singles and doubles ͑CCSD͒, 52, 53 as well as an estimate of the effect of connected triple excitations through a perturbative term ͓CCSD͑T͔͒ 35 for which reference wave functions have been determined by the single-configuration restricted Hartree-Fock ͑RHF͒ method. 53, 54 In valence-only correlated-level calculations the 1s, 2s, and 2p core orbitals of S were kept doubly occupied. No virtual molecular orbitals were frozen in any of the correlation treatments.
The basis sets chosen for the calculations include the correlation-consistent (aug͒-cc-pVXZ ͓Xϭ3(T), 4͑Q͒, 5͔ families of basis sets developed by Dunning and co-workers. 37, 55 To cover the core polarization effect, 56 which proved to be sizable during the determination of the barrier to linearity of H 2 S, 25 the correlation-consistent basis sets aug-cc-pVXZ with XϭT and Q on S have been augmented by a tight d function, whose exponent was taken to be the same as the tightest d function exponent in the augcc-pV5Z basis of S ͑3.203͒. The resulting basis sets are denoted as aug-cc-pVXZϩd. This choice for the core polarization function effectively means that the aug-cc-pV5Z and aug-cc-pV5Zϩd basis sets are identical.
Extrapolation of RHF and correlation energies to the complete basis set ͑CBS͒ limit has been achieved through the relations 38 -41,43 E X ϭE CBS ϩa exp͑ϪbX͒ ͑1͒
and
respectively, where E CBS is the extrapolated energy, E X denotes energies obtained from correlation-consistent-type basis sets with cardinal number X, while a, b, and c are fitting constants. In the study 25 on the barrier to linearity of H 2 S it became clear that extrapolation of the original aug-cc-pVXZ RHF energies is meaningless, these basis sets must be augmented with core polarization functions, i.e., with at least one tight d function. Therefore, for extrapolation of the RHF energies the aug-cc-pVXZϩd ͓Xϭ3(T), 4͑Q͒, 5͔ basis set results have been employed. The CBS CCSD and CCSD͑T͒ correlation energies have been determined using correlation energies obtained with basis sets aug-cc-pVXZϩd with X ϭ4 and 5.
The computational error in our ab initio calculations arises not only due to truncation of the atomic orbital ͑AO͒ basis set ͑one-electron space͒ but also due to truncation of the n-electron space of all Slater determinants that constitute the full configuration interaction ͑FCI͒ wave function. In order to obtain the best technically possible results, one must advance electronic structure calculations to both the one-and n-particle space limits. Therefore, using the SHOC approach 44 an attempt is made here to arrive at the CBS FCI limit from CBS CCSD͑T͒ energies. A single, average scale factor of 1.004 45 was determined, based on calculations at six geometries, 11 for scaling cc-pVDZ CCSD͑T͒ correlation energies to the FCI limit. A very similar value, 1.004 50 can be determined using only two points, those determining the barrier to linearity of H 2 S. This means that our valence-only CBS CCSD͑T͒ energies can be scaled by adjusting the valence-only CBS CCSD͑T͒ barrier to the valence-only CBS FCI barrier determined in Ref. 25 . A scale factor of 1.004 45 has been obtained this way and this scale factor has been used to scale the valence-only CCSD͑T͒ correlation energies.
Three principal corrections to the valence-only electronic energies have been considered in this study: ͑a͒ corevalence effects, [57] [58] [59] which result in an improved estimate of the nonrelativistic PES of H 2 S; ͑b͒ relativistic effects, [60] [61] [62] [63] which proved to be surprisingly large for water 3, [10] [11] [12] and therefore are tested here again; and ͑c͒ a term resulting in isotope-dependent potential energy hypersurfaces, the BornOppenheimer diagonal correction ͑BODC͒.
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In our study 25 on the barrier to linearity of H 2 S it became clear that ͑a͒ the core correlation contribution to the barrier to linearity is smaller or comparable to the core polarization effect; and ͑b͒ the core correlation correction is rather sensitive to the level of theory applied for its calculation; in particular, only CCSD͑T͒ corrections seem to be dependable. In order to investigate core correlation, traditional basis sets designed to describe bonding involving valence electrons must be augmented with tight ͑high exponent͒ Gaussian functions able to describe the core region adequately. 58, 59 Such basis sets, denoted as (aug͒-cc-pCVXZ for first-row atoms, are not available for sulfur from Ref. 55 . To construct basis sets able to describe core-core and core-valence correlation, we completely uncontracted the (aug͒-cc-pVXZ basis sets for H and S and then augmented the sulfur sets with a tight 2d 2 f set for XϭT and a tight 3d 2 f 2g set for X ϭQ, whose exponents were obtained by even-tempered extension into the core with a geometric ratio of 3. The resulting basis sets are denoted here simply as aug-CVTZ and CVQZϩd. The core correlation effect has been computed at both the aug-CVTZ and CVQZϩd CCSD͑T͒ levels but only the CVQZϩd CCSD͑T͒ results are reported here.
Recent computational studies 3,11-13 on the rovibrational spectra of water indicated that nonrelativistic PESs are not sufficient to reproduce experimentally observed VBOs and rotational term values. The largest relativistic correction comes from the scalar one-electron mass-velocity and Darwin ͑MVD1͒ term. 3 Nevertheless, influence of the twoelectron Darwin term 12 and effects not treated at the DiracCoulomb level, namely the Gaunt/Breit interaction 12, 49, 61 and the largest part of the QED correction, the radiative Lambshift effects, 10, 61 can be substantial, at least at the level of precision sought in the ultimate ab initio PES determinations. Our study 25 of the barrier to linearity of H 2 S proved that the D2 and ⌬DPT terms of the lowest order of the direct perturbation theory ͑DPT͒ approach of Kutzelnigg 62, 63 contribute to the relative relativistic corrections by less than 2%. Therefore, to decrease the computational expense, and keeping in mind the remaining uncertainties in the nonrelativistic treatment, in the results reported here only the one-electron mass-velocity ͑MV͒ and Darwin ͑D1͒ terms, collectively termed MVD1, have been considered. These calculations utilized all-electron aug-CVTZ CCSD͑T͒ wave functions. The relativistic energy correction determined in this study for H 2 S, Ϫ1.11 E h , is almost completely attributable to the core electrons of the sulfur atom.
The Born-Oppenheimer diagonal corrections to the PES have been determined at the aug-TZ2Pf RHF level employing the program BORN within the PSI2.0 package. 48 These calculations result in mass-independent terms which can be scaled with the proper masses to obtain BODC values for any isotopomer.
B. Selection of grid points
To reduce the number of reference ͑grid͒ points for the PES calculation, the energies corresponding to grid points around ͕r 1 /Å,r 2 /Å,␣ HSH /degree͖ϭ͕1.4,1.4,90͖ with 0.1 Å
(1 Åϭ10
Ϫ10 m) and 20°increments were first calculated from the empirical analytical PJT 17 PES and the less important, high-energy points, those above 20 000 cm Ϫ1 , have been skipped. The final points considered for the determination of the PES of H 2 S are contained in a grid defined by r SH ϭ͕0.9-2.2 Å, increment 0.1 Å͖ and ␣ HSH ϭ͕40°,60°,80°,90°,100°,120°,140°,160°,180°͖. Since the PJT potential values underestimate the present high-quality ab initio energies in a systematic way, leading to larger and larger underestimations as one moves up in energy ͑see Fig.  1͒ , this choice effectively means that our ab initio points cover the PES up to about 25 000 cm Ϫ1 for at least the bending region. This set of grid points has arbitrarily been augmented by a few points selected in the PJT energy region 20 000-25 000 cm Ϫ1 , a few more around the equilibrium structure and around the linear stationary point. These latter points were included to effectively fix the structures of the nonasymptotic stationary points on the ground-state PES of H 2 S. Overall, this procedure resulted in 258 symmetryunique reference structures. The selection of the grid points and all the ab initio data are available as supplementary material. 
C. Analytic representation of the PES
Although feasible complementary strategies started to appear, 66 the most straightforward way to utilize the calculated ab initio energy points for rovibrational energy level calculations is to fit a suitable analytical form to them.
During the course of this study several popular analytical fitting functions have been tested, including those of Jensen, 67 employed by PJT, 17 and the form advocated by De Oliveira and Dykstra. 68 These studies clearly confirmed the following observations of Partridge and Schwenke ͑PS͒ 6 and others 3, 69 about the Jensen form of the potential utilized by PJT: ͑a͒ it cannot describe dissociation properly ͑not that the PS form employed would be perfect in this sense, vide infra͒; ͑b͒ at short HH distances ͑small bond angles͒ it does not give 69 a reasonable representation of the potential; and ͑c͒ during the fitting we also observed an insurmountable difficulty in obtaining a smooth globally acceptable fit with a reasonable number of low-order expansion coefficients. Furthermore, while the simple form advocated by De Oliveira and Dykstra 68 performs well for water, it did not give an acceptable analytic representation for H 2 S. Finally, a slightly modified form of the PS potential, 6 employed for H 2 O, was chosen for the analytic representation of the electronic energies of H 2 S, as follows: where r i are the SH bond lengths, is the HSH bond angle, r HH is the HH distance ͑related to r 1 , r 2 , and ͒, and the indices i, j, and k start from 0 and selectively may go up to 8 ͑consequently, V contains a term c 000 ͒. The parameters A, D, a, b, ␤, r e , e , and the symmetry-constrained c i jk in Eq. ͑1͒ have been determined through nonweighted nonlinear and linear least-squares fits to the selected ab initio energies, taking advantage of the fact that the only nonlinear parameters in the above form of V are r e , e , a, b, and ␤. A further advantage of the above form is that in the simplified case of linear fitting well-defined standard errors can be obtained for the parameters. If these standard errors proved to be larger than the parameter itself for all ab initio electronic energy sets investigated, the c i jk constant was eliminated from the fitting cycles. Although the fit was unweighted, the extra points about equilibrium acted to give extra weight to this region of the potential. The final form of V contains 72 parameters. The computer algebra package Mathematica 70 has extensively been employed for handling of the ab initio data, for refinement of the potential, for its graphical representation, and for generation of the FORTRAN code representing the potential and needed for the nuclear motion calculations. The FORTRAN codes representing the individual potentials are available as supplementary material. 65 Analytical PESs have been fitted to electronic energy sets aug-cc-pVXZϩd CCSD͑T͒ with Xϭ3, 4, and 5, as well as to aug-CVTZ CCSD͑T͒. Previous studies 2, 6 have found it preferable to fit the ab initio points as accurately as possible. With 72 parameters we could fit the ab initio energy points with an average deviation of less than 2 cm Ϫ1 . In Figs. 2 and 3 we show selected aspects of the fit. Figure 2 shows the fitting error of the CBS CCSD͑T͒ energies as a function of the relative energy of the points taking the equilibrium as the energy zero. Due to the nonweighted nature of the fit the low-energy points are deliberately not fitted much better than the high-energy points but the overall quality of the fit is reassuring. In Fig. 3 we show a contour plot of the fitted extrapolated ͓CBS CCSD͑T͔͒ PES for symmetric geometries, along with points showing the ab initio grid. At this point it is is worth comparing geometries of the two station- ary points ͑equilibrium, C 2v , and linear, D ϱh ͒ of the fitted surfaces with results of direct ab initio geometry optimizations. For the equilibrium structures the ͑distance/Å, angle/ degree͒ deviations are ͑0.000 10,0.050͒ for Xϭ3. Therefore, despite the fact that a rather coarse grid has been chosen for this study, the fitted potentials provide an excellent representation of the ab initio surfaces.
The analytic functional form
has been employed to fit the core correlation ͑CV͒, relativistic ͑REL͒, and the BODC corrections to the energies, where the S symmetrized displacement coordinates are defined as S 1 ϭ 1 2 (r 1 ϩr 2 )Ϫr e , S 2 ϭcos()Ϫcos( e ), and S 3 ϭ 1 2 (r 1 Ϫr 2 ), and (r e , e ) are equilibrium geometric parameters taken to be ͑1.3378 Å, 92.311°͒, close to the equilibrium values characterizing the extrapolated potential. All terms up to fifth order, iϩ jϩkр5, were retained in the expansion, while selected terms, up to iϩ jϩkр8, which proved well determined, were also retained. The only significant eighthorder terms retained were (i jk)ϭ(080), ͑260͒, and ͑062͒. The 52 coefficients resulting from a linear least-squares fit to our data set for the CV, REL, and the BODC correction potentials can be extracted from the FORTRAN subroutines given as supplementary material. 65 Certain characteristics of the core-valence and relativistic correction surfaces are shown in Figs. 4͑a͒ and 4͑b͒, respectively.
D. Nuclear motion calculations
The rovibrational energy states have been determined using an exact kinetic energy ͑EKE͒ operator expressed in Radau coordinates augmented with the fitted ab initio PESs. The calculations utilized the discrete variable representation ͑DVR͒ technique 71 as implemented in the code DVR3D. 72 The masses employed in the calculations include atomic masses, nuclear masses, and a hydrogenic mass midway between the atomic and nuclear values, as recommended by Zobov et al. 1 73 as implemented in the DVR3D and the ROTLEV3B codes. 72 The same results have been obtained using symmetrized and unsymmetrized coordinates.
III. RESULTS FOR ROVIBRATIONAL ENERGY LEVELS
Several valence-only potential energy hypersurfaces ͑PESs͒ have been determined at the CCSD͑T͒ level as part of this study, those with basis sets aug-cc-pVTZϩd, aug-cc-pVQZϩd, and aug-cc-pV5Z are explicitly reported in this paper. Another surface, denoted as CBS CCSD͑T͒, results when the electronic energies obtained with the finite basis sets are extrapolated to the complete basis set ͑CBS͒ limit. The highest quality valence-only PES is denoted as CBS FCI and is obtained when the CBS CCSD͑T͒ correlation energies are scaled, using a single SHOC scale factor, to the FCI limit. All these surfaces can, in principle, be augmented with the core-valence ͑CV, C in Tables I and II͒, Tables I and  II͒ . Nevertheless, vibrational band origins ͑VBOs͒ and rotational energy levels obtained only with the doubly extrapolated CBS FCI PES are reported. VBOs calculated employing the above PESs are given in Table I for all levels for which experimental assignments are known to us. Data presented in Table II S employing atomic masses, nuclear masses, and a hydrogenic mass midway between the atomic and nuclear values. In Table V S are reported using the best mass-independent BO surface, as well as the mass-dependent BODC-corrected adiabatic surfaces.
A. Valence-only calculations
As discussed in some detail in Ref. 25 , augmentation of the original (aug͒-cc-pVXZ basis sets of Dunning and co-workers 37, 55 with tight polarization functions is necessary in order to obtain reliable RHF energies over the PES of H 2 S. In this study we added one tight d function to the augcc-pVTZ and aug-cc-pVQZ basis sets on S; these augmented basis sets are shown by the T and Q symbols under CCSD͑T͒ of Table I . It is clear from the data presented in Table I that extension of the correlation-consistent basis set ͓Xϭ3(T), 4͑Q͒, 5, and ϱ͑CBS͔͒ shifts the VBOs very systematically. As expected, the least accurate results are obtained with X ϭ3. Unevenness of the reproduction of the experimental VBOs is also characteristic at this level of theory. It is also not surprising to find that the Xϭ4 results ͓aug-cc-pVQZ ϩd CCSD͑T͔͒ have the smallest mean deviation. This fact is the result of a fortuitous error cancellation ͑use of finite one- . The two reference structures employed are ͕r 1 /Å,r 2 /Å,ЄHSH/deg͖ of ͕1.8,1.8,100͖ and ͕1.1,1.1,90͖, corresponding to the maximum and the minimum core-valence energy correction on the ground-state PES of H 2 S, respectively. For each basis set the total number of contracted Gaussian functions is given in parentheses. ␦ denotes correlation energy increments from the previous level of theory.
''All'' refers to the difference between a frozen-core ͑1s, 2s, and 2p on S͒ and an all-electron calculation, while ''1s'' refers to the difference between a frozen-core ͑1s, 2s, and 2p on S͒ and a frozen 1s ͑on S͒ calculation. See text for the description of the basis sets. and n-particle spaces͒ which is often utilized in quantum chemical electronic structure calculations. It should be further mentioned here that, if the goal was the exploratory determination of the rovibrational eigenstates of a molecule similar in size to H 2 S, the valence-only aug-cc-pVQZϩd CCSD͑T͒ calculation of the full surface requires only a few days of CPU time on a modern personal computer. The CBS CCSD͑T͒ results, while rather different from the Xϭ3 results, deviate more from experiment than one would like to see. This means that at the complete basis set limit computations at the CCSD͑T͒ level will not result in a spectroscopic-quality PES even close to a deep single minimum of a principally single-reference electronic state. The simple statistics of the rms error of the predicted CCSD͑T͒ fundamentals, 4.5, 1.0, 1.6, and 2.3 cm Ϫ1 with Xϭ3, 4, 5, and ϱ, respectively, shows clearly the performance of the CCSD͑T͒ level with different correlation-consistent basis sets.
A characteristic difference is observed between the accuracy of the CBS CCSD͑T͒ and CBS FCI valence-only surfaces. The SHOC correction 44 of the CCSD͑T͒ correlation energies with a single scale factor results in a basically linear VBO/cm Ϫ1 correction of ϩ0.3n 2 , where n 2 is the bending quantum number, for the bending states, bringing them to somewhat better agreement with experiment. The correction for the stretches is well approximated as Ϫ1.0Ϫ0.2(n 1 ϩn 3 ) 2 , where n 1 and n 3 are the stretching quantum numbers, and it moves all calculated stretching VBOs further away from experiment. For larger stretching quantum numbers this correction can become rather substantial. Additivity of the bending and stretching correction holds well for all entries of Table I . Overall it seems that even the simplified SHOC correction scheme ͑full SHOC correction 44 would require small-basis FCI calculations at each of the grid points͒ is useful and helps to cure at least part of the remaining discrepancies in the correlation energy prediction at the CCSD͑T͒ level. As a result, the rms error of 2.3 cm Ϫ1 of the CBS CCSD͑T͒ fundamentals decreases to 2.0 cm Ϫ1 at the valence-only CBS FCI level.
In order to check the accuracy of the determination of rotational energy levels using our ab initio potentials we performed calculations with different J values. The calculations with Jϭ17 were chosen for reporting since this is the highest J for which complete experimental information up to K a ϭJ is available. We report, in Table II , as ''experimental'' the energy levels obtained from a Padé effective Hamiltonian fit, 74 which reproduces all the line frequencies within experimental uncertainty. 75 As the results in Table II demonstrate, reproduction of experimental results by our ab initio potentials is very good. It should further be noted that similar conclusions hold for the rotational term values as given above for the VBOs. For example, among the CCSD͑T͒ surfaces here again the aug-cc-pVQZϩd CCSD͑T͒ surface appears to be the most accurate, due to the same fortuitous error cancellation.
B. Core-valence effects
For the grid employed in this study, the largest and the smallest core-valence energy corrections occur at ͕r 1 /Å,r 2 /Å,ЄHSH/deg͖ geometries of ͕1.7,1.8,100͖ and ͕1.1,1.1,90͖, respectively. The difference between the largest and smallest core-valence ͑CV͒ energy correction is substantial, on the order of 400 cm Ϫ1 . As can immediately be seen from Fig. 4͑a͒ , the CV correction on the PES of H 2 S changes drastically when stretching the molecule and is relatively insensitive to the bending motion. The latter observation is in line with results presented for the barrier to linearity of H 2 S, since the CV correction to the barrier was found to be only on the order of 10 cm Ϫ1 at the highest levels studied. The difference between the largest and smallest CV energy correction is further investigated and the results are reported in Table III . To make these auxiliary CV calculations less expensive, the more symmetric ͕1.8,1.8,100͖ geometry was employed instead of ͕1.7,1.8,100͖. The corevalence basis sets employed in these calculations are based on the uncontracted versions of the correlation-consistent ͑cc͒ basis sets of Dunning and co-workers. 37, 55 In Table III this fact is emphasized by putting u, for uncontracted, in front of the cc basis sets and the augmentation on the S atom is given explicitly. Note that the CVQZϩd basis, described in Sec. II A and employed during determination of the CV correction surface, is the same as the u-cc-pVQZϩ3d2 f 2g basis of Table III. All extra exponents were obtained by an even-tempered extension of the largest related exponents of the cc basis sets into the core with a geometric ratio of 3.
As Table III reveals the CV energy correction has a very pronounced basis set dependence with the correction increasing with increased basis set size. Nevertheless, this basis set dependency is contained almost exclusively at the MP2 level. Higher-order corrections, while rather substantial, have almost no basis set dependence. This observation is rather important, especially if someone was to improve upon the ab initio calculations of this study. The differences between the CCSD͑T͒ and CCSDT calculations are comfortingly small. Since CCSDT calculations are expected to result in almost FCI-quality CV correlation energies, we can say with confidence that CVQZϩd CCSD͑T͒ energies provide reliable estimates of the CV effect over the whole PES.
As it is clear from Tables I and II, inclusion of the corevalence ͑CV͒ effects into the ab initio calculation of the PES has a very large effect on the predicted VBOs and rotational term values. In fact it is the core correlation which has the largest effect on the rovibrational energies among the correction terms considered. Inclusion of the CV correction surface in the PES results in basically linear VBO/cm Ϫ1 corrections both for the bends and for the stretches, which can be described as ϩ2.0n 2 and ϩ5.1(n 1 ϩn 3 ), respectively. As clear from the approximate correction formula, for higher stretching excitations the CV correction becomes large. These corrections move all calculated valence-only CBS FCI VBOs further away from experiment, resulting in discrepancies, at about 12 000 cm
Ϫ1
, of 40 cm Ϫ1 compared to 17 cm Ϫ1 at the valence-only CBS FCI level. Additivity of the bending and stretching CV correction holds well for all entries of Table I . The data in Table III suggest that the large CV correction of the VBOs is a real effect and will not decrease upon improvement of the ab initio level employed for the determination of the CV correction surface.
As can easily be checked through explicit ab initio optimizations, 25 consideration of the CV effect changes the equilibrium geometry of the minimum on the ground-state PES of H 2 S. Change in the equilibrium geometry results in change in the rotational constants and subsequently in change in the rotational frequencies. These changes can easily be observed in Table II .
C. Relativistic effects
Recently we have explored the influence of special relativity on the ground-state PES of water. [10] [11] [12] It turned out from these concerted studies that electronic relativistic corrections have a surprisingly large effect on the PES and consequently on the calculated rovibrational levels of water, a prototypical light molecule for which geometric variation of the relativistic energy correction, substantial in an absolute sense, was considered to be negligible. Among the theoretical treatments one can consider, kinetic relativistic effects ͑the Dirac-Coulomb-Pauli extension of the nonrelativistic Hamiltonian͒, the Breit correction, and the Lamb-shift correction alter the VBOs of water up to 11, 3, and 1 cm Ϫ1 , respectively, at about 14 000 cm Ϫ1 above the zero-point level.
Our calculations prove that inclusion of relativistic effects into the ab initio computation of the ground-state PES of H 2 S, similarly to water, 3 has a substantial, non-negligible effect. Since the precision of the underlying ab initio nonrelativistic PES of H 2 S is still not of the ultimate quality, effects smaller than that coming from the Dirac-Coulomb-Pauli ͑DCP͒ approximation are not considered in detail in this study. As mentioned in Sec. II A, in this study even the twoelectron Darwin term ͑D2͒ has been neglected from the DCP Hamiltonian and only the one-electron mass-velocity and Darwin terms ͑MVD1͒ are considered here in a first-order perturbation treatment employing nonrelativistic aug-CVTZ CCSD͑T͒ wave functions.
In the case of the rovibrational levels of H 2 S the relativistic shifts are almost as large as the CV corrections. Inclusion of the relativistic correction surface in the PES results in basically linear VBO/cm Ϫ1 corrections for the stretching levels, which can be well approximated as Ϫ4.15(n 1 ϩn 3 ). This correction is of the same sign but considerably larger than that obtained for water, 3 where it was found to be Ϫ2.8(n 1 ϩn 3 ). As is clear from the approximate correction formula, for larger stretching excitation the relativistic correction becomes large and recorrects almost all of the substantial CV stretching shifts which grow as ϩ5.1(n 1 ϩn 3 ). Therefore, it is the relativistic correction which serves to re-establish the nice agreement between experiment and theory observed at the valence-only CBS FCI level and lost upon inclusion of core correlation effects. For up to n 2 ϭ4 the correction for the bending VBOs of H 2 S grows almost linearly as ϩ0.7n 2 . Additivity of the stretching and bending relativistic corrections holds better than 95%. We note that for the first few bending levels of water the MVD1 bending correction grows as ϩ0.8n 2 .
3 Therefore, the dependence of the relativistic bending correction for H 2 S is somewhat less than that observed for water. This is in contrast to the relativistic correction to the barrier to linearity of H 2 O 4 and H 2 S, 25 which are 55 out of 11 100 cm Ϫ1 and 230 out of 24 400 cm Ϫ1 , respectively. This suggests that most of the relativistic correction to the bending curve of H 2 S occurs away from equilibrium. Figure 4͑b͒ confirms this: the relativistic change between 70°and 120°is 54 cm Ϫ1 and quasilinear in this region, while between 140°and 180°the decidedly nonlinear change is 156 cm
Ϫ1
. Since the relativistic correction for the bends is of the same sign as that of the CV correction, the relativistic correction acts to worsen the agreement between ab initio VBOs and experiment. This result is again very similar to that observed for water.
expense, the more symmetric ͕1.6,1.6,40͖ geometry was chosen as reference instead of ͕1.5,1.6,40͖. The MVD1 relativistic energy correction difference between the two symmetric reference points is 312 cm Ϫ1 . If the direct perturbation theory ͑DPT͒ of Kutzelnigg 62, 63 in its lowest order is used to approximate DCP theory, the difference becomes 329.7 cm Ϫ1 using CVQZϩd CCSD͑T͒ wave functions. ͑Almost all of the difference between the DPT and MVD1 results is due to the D2 term.͒ To gauge the magnitude of the neglected Breit correction, we determined four-component u-cc-pVDZ Hartree-Fock-Dirac wave functions and treated the Breit term by first-order perturbation theory using the code BERTHA, 49, 50 and obtained a correction of only 11.4 cm Ϫ1 , or about 3% of the MVD1 correction. ͑Nevertheless, this correction might translate into VBO differences on the order of 2 cm Ϫ1 .͒ We have two further remarks based on the example of water: [10] [11] [12] ͑a͒ the Breit and Lamb correction surfaces may show a rather different geometry dependence than the MVD1 correction surface; and ͑b͒ the cumulative effect of the neglected D2, Breit and Lamb-shift terms may be substantially less than their individual contributions. Overall it seems that no major improvement on ab initio rovibrational band origins of H 2 S is expected from a more thorough computation of the relativistic correction surface.
D. BODC corrections
As the data of Table I demonstrate, the BODC correction for the bending and stretching VBOs/cm Ϫ1 changes almost linearly as 0.6-0.2n 2 and ϩ0.4(n 1 ϩn 3 ), respectively. Additivity of the stretch and bend corrections seems to hold well. Most importantly, BODC corrections to the stretching and bending VBOs are rather small, especially when compared to the substantial CV and REL corrections.
As the data of Table IV demonstrate, choosing different hydrogenic masses for the variational rovibrational calculations results in calculated VBOs which are at least as different from each other as the effect of the inclusion of the BODC correction. For example, for the 121/20 Ϫ 2 level ͑see footnote b to Table I for our labeling convention͒ the BODC correction is 1.2 cm Ϫ1 , while the difference between the ''atomic'' and ''nuclear'' band origins is 1.8 cm
Ϫ1
. Consequently, once the PES of H 2 S will be sufficiently accurate that one has to start worrying about the BODC correction, choice of the hydrogenic mass will need to be considered. The data of Table IV allow for an interesting investigation of the intrinsic accuracy of our final ab initio PES. H 2 S is a molecule for which the local-mode description of the VBOs is much closer to reality than that offered by normal modes. To wit, the consecutive observed unsigned differences for pure stretching VBOs with vϭ2(100/10 ϩ 0 -001/10 S, with rms accuracies of 2.0, 1.9, 1.6, and 1.3 cm Ϫ1 , respectively, rather close to the set goal of 1 cm Ϫ1 of first-principles rovibrational spectroscopy.
The seemingly fast convergence of the ab initio rotational terms toward their experimental counterparts is remarkable, and appears to be somewhat better than that observed for the VBOs. Our final PES, where the CBS FCI PES has been corrected for core correlation, as well as relativistic, and BODC effects, reproduces the lower-lying rotational terms with an average accuracy of only 0.02 cm Ϫ1 , truly remarkable for a purely ab initio PES.
The remaining discrepancy between calculated vibrational and rotational term values and their experimental counterparts, as our experience shows, can be removed by the fitting of the ab initio PES to experimental energy levels. Even though the discrepancy might seem significant from the effective Hamiltonian accuracy point of view, let us note that the similar amount of discrepancy will be preserved for the rotationally excited states in excited vibrational states up to very high degree of excitation, which constitutes the major advantage of variational calculations over perturbative ways of calculation.
IV. CONCLUSIONS
The following conclusions may be drawn from the results presented in this study about a converged ab initio determination of the ground electronic state PES of H 2 S and about its utilization for the prediction of vibrational and rotational term values using an exact kinetic energy operator and a ͑nearly͒ variational procedure.
͑a͒ During determination of a semiglobal PES of a singlereference electronic state with a single minimum, double extrapolation to the complete basis set ͑CBS͒ and full configuration interaction ͑FCI͒ asymptotes is possible and meaningful when the original CCSD͑T͒ energy calculations utilize the hierarchical correlation-consistent basis sets of Dunning and co-workers 37 and the scaled higher-order correlation energy ͑SHOC͒ approach of Császár and Leininger, 44 respectively. ͑b͒ Our best ab initio PES reproduces higher-lying VBOs with an accuracy almost one order of magnitude better than the PES due to Botschwina and co-workers. 18 The surface is also considerably better than the best previous published ab initio surface due to Senekowitsch and co-workers. 21 It is also notable how much more systematic the deviations between theory and experiment are with the new extrapolated and corrected surfaces. This should greatly facilitate and accelerate any simple empirical adjustment of our highest-accuracy ab initio PES. S, with a maximum unsigned difference, gradually increasing with increased vibrational excitation, of 24 cm Ϫ1 at the complete basis set level. The aug-cc-pVQZ CCSD͑T͒ PES is the best among those computed, its overall performance is better than that of the CBS CCSD͑T͒ PES. Therefore, in common with several properties of molecular systems, such as equilibrium bond length and atomization energies, the aug-ccpVQZ CCSD͑T͒ treatment can be recommended for PES determinations if only a single-level calculation is affordable or appropriate. ͑e͒ Core-valence ͑CV͒ correlation changes the computed VBOs of H 2 S substantially, worsening significantly the good agreement between experiment and valence-only ab initio ͑CBS FCI͒ theory. For the stretching vibrations the CV correction grows as fast as ϩ5.1(n 1 ϩn 3 ). It is an important observation of this study that the relativistic correction seems to be almost equally large, it is Ϫ4.15(n 1 ϩn 3 ) for the pure stretches, and corrects the core-correlated results back to close agreement with experiment for the stretching VBOs. On the other hand, since both core correlation and relativistic correction acts in the same direction, the overall effect for the pure bends is that their final predicted values are less satisfactory and are in significant disagreement with experiment. For all levels investigated the additivity of the stretching and bending corrections holds better than 95%. ͑f͒ As for water, 1 the Born-Oppenheimer diagonal correction ͑BODC͒ to the vibrational band origins ͑VBOs͒ is small, 2.5 cm Ϫ1 or less up to 14 000 cm Ϫ1 above the zero-point level. ͑g͒ We believe that the remaining error in the prediction of higher-energy bending states is due not to the incomplete treatment of the relativistic and BODC effects but to imperfections of the Born-Oppenheimer potential. ͑h͒ The absolute energies of the Jϭ17 rotational levels of the ͑000͒ ground vibrational state are predicted with a truly remarkable accuracy. This also proves the high quality of the lower part of the converged ab initio PES determined in this study.
Finally, a few comments about future extensions of the work presented. In the case of water it has been shown 8, 13 that a simple few-parameter adjustment of the bending part of the potential improves agreement between theory and experiment drastically. Similar and other refinement strategies can be attempted for the PES of H 2 S to achieve true spectroscopic accuracy in the prediction of VBOs and rotational term values. To predict intensities the dipole moment surface ͑DMS͒ of H 2 S will also be determined. Provision of a linelist of rovibrational levels of H 2 S, based on the improved PES and DMS, is left for future work.
